Introduction
Cystic Fibrosis (CF) patients exhibit multiple symptoms but mortality mainly stems from debilitating pulmonary infections [1] . Disequilibrium of electrolyte movements and excessive mucus build up contribute to ineffective bronchopulmonary ciliary movements [2] . Lack of protective ciliary propulsion predisposes patients to opportunistic infections that may become fatal if not managed properly. Patients with CF may commonly experience lung infections by Pseudomonas aeruginosa, Staphylococcus aureus and Haemophilus influenzae [1] . However, infections with P. aeruginosa are among the most common cause of mortality in CF patients and its corresponding treatment will be investigated in this study [3] . P. aeruginosa is a robust, mobile, gram-negative bacterium with an increasing resistance to multiple therapies and a tendency to form chronic infections when located in the pulmonary tract [4] [5] [6] . Pathogenicity stems from the bacteria's ability to evade host immune defenses and associated production of a biofilm under the right conditions; such as that of a cystic fibrosis lung [6] . Biofilm production is of particular concern as it contributes to bacterial stability and antibiotic resistance by acting as a protective barrier [7] . Complete eradication of P. aeruginosa is proving to be more difficult as treatment-resistant strains seem to be continuously evolving and eluding prescribed therapies [8] .
The treatment of cystic fibrosis includes a complicated list aimed at alleviating various symptoms the patient may have. Therapy may target potential infections (antibiotics), stabilize an airway (bronchodilators), reduce mucus production (mucolytics), reduce inflammation and pain (anti-inflammatory), replace pancreatic enzymes, and alter genomic mutations (gene therapy) [1, 12] . Commonly prescribed antibiotics given to CF patients with a P. aeruginosa infection include colistin, tobramycin, fluoroquinolones and aztreonam [12, 13] . Inhalation of the prescribed antibiotics has been chosen as the best route for drug administration [11] . Inhalation deposits the drug directly into the respiratory tract, resulting in increased local concentration and lower systemic concentration; inadvertently decreasing associated drug toxicities due to low systemic penetrance [1, 14] . However, disadvantages of inhaled antibiotics exist and their use may be contraindicated in young patients with cystic fibrosis [1] . Although other treatment routes are available (iv, oral), they are often used in combination with an inhaled antibiotic. Currently, there is no universally agreed-upon regimen for P. aeruginosa eradication [1, 15] . In addition, treatment is dependent on the selected antibiotic, route of administration, and whether the respective drug will be given alone, or in conjunction with another antibiotic. The aim of this study was to analyze literature from the past 11 years focussed on the effectiveness of antimicrobial monotherapy, combinations therapy, or both, in CF patients or bacterial isolates from CF patients. Specifically, this study was undertaken to compare the effectiveness of monotherapy versus combination therapy in the management and treatment of CF.
Methods

Search Strategy
Search Engines: Pubmed, Google Scholar Search Terms: "Cystic Fibrosis", "Pseudomonas aeruginosa", "Inhaled", "Combination", "Colistin", "Tobramycin". Terms were used in various ways, either alone or in combination. Some studies were extracted from the references and 'related/similar items' of previously explored articles. A total of 12 articles were chosen to be suitable for this review (Figure 1 ). 
Search Criteria
Inclusions: Must be ≥ year 2005; Combination therapy must be compared with monotherapy; cystic fibrosis patients of all ages; in vitro or in vivo studies (human or animal model); in vivo studies should use an inhaled antibiotic for monotherapy, and at least one inhaled antibiotic for combination therapy; in vitro studies must use at least one antibiotic whose concentration is suitable for inhaled human use; biofilm-grown or mucoid P. aeruginosa strains that have been directly isolated from cystic fibrosis patients (clinical strains); prospective or retrospective; all geographical locations.
Exclusions: Use of placebo alone as comparison; use of planktonically-grown P. aeruginosa alone; use of a laboratory-grown P. aeruginosa (wild-type PA01) strain alone; results without statistical analysis and no potential for manual extraction; cystic fibrosis patients with concurrent infections.
Quality Selection: Hospital or laboratory setting; ≥ 10 cystic fibrosis patients analyzed (in vivo)
Calculations
The standard analytical method for this type of analysis is a meta-analysis method. However, the data available in the literature on these treatment regimens is heterogenous and includes in vivo, in vitro, or both methods of treatments. Because of these factors we opted to treat each study separately and confirm statistical significance for each. Two articles, one written by Hill et al. and the other written by Tre-Hardy M had failed to supply sufficient statistical analysis of certain results [18, 19] . However, provided information was sufficient to calculate a p-value using a t-test. The t-test was performed on WPS Office (spreadsheet) 2016, using the function TTEST. Values of the CFU's in Tre-Hardy et al. (17) were analyzed, and values concerning biofilms only of Figure 1 (16) were also analyzed [16, 17] . In a similar fashion, a t-test was measured for a second Tre-Hardy article [18] . Data in Table 1 was utilized, and the (+) and (-) signs were converted to numbers, representative of each treatments logarithmic killing potential. More specifically, (-) became 0, (+) became 1, and (++) became 4. Lastly, a 2009 article written by Macleod et al. had also undergone a t-test evaluation [19] . The use of Pseudomonas only was assessed for a p-value, where fosfomycin/tobramycin combination (array 1) was compared with fosfomycin or tobramycin alone (array 2).
Significance
All chosen articles must utilize any form of statistical analysis to achieve a p-value; p < 0.05 is considered significant. Articles lacking statistical analysis must provide enough data for manual measurement of a p-value.
Results
The search initially revealed 27 potential papers based upon the title alone. However, only 12 articles are suitable for use after abstract, inclusion, and exclusion filtering. The majority of the articles were performed in vitro for effective testing of various antibiotics in a consistent environment, and overall simplicity. Only five studies attempted in vivo analysis, four of which on humans. An accumulative count of all the antibiotics used can be seen in Figure 2 . 
In Vitro Studies
One the most expansive in vitro studies were published in 2005 by Hill et al. (16) where a total of 10 antibiotics in various combinations were tested [16] . The study analyzed the effectiveness of monotherapy, combination therapy and even triple therapy in P. aeruginosa grown in aerobic, anaerobic, and biofilm conditions. Testing individual antibiotics has revealed colistin to be the most effective. A self-measured t-test regarding the activity of single antibiotics and general combination treatments against biofilm-grown bacteria had resulted in an insignificant difference (p = 0.074). However, drug combinations with colistin stood out as a significant bactericidal treatment. Colistin alone was the most effective at killing biofilm-grown P. aeruginosa (49%), but colistin in combination nearly doubled the bacterial death (75 -81.3%). The least impressive antibiotics were determined to be amikacin, ciprofloxacin and azithromycin [16] . A 2009 study by Tre-Hardy et al. (17) tested the effectiveness of tobramycin and clarithromycin on various biofilms in different stages of maturity [17] . The study initially tested the antibiotic effect on early biofilm formation and assessed changes through a measurement known as Biofilm Index (BFI); where the lower the value, the higher the concentration of biofilm. BFI measurements at 0, 1, and 24 hours of early biofilm growth revealed that the use of tobramycin and clarithromycin alone or in combination had an insignificant impact on biofilm formation. It is worthy to note that the older biofilm (24 hr) was the least susceptible to any treatment. The study further assessed antibiotic effects on a 24-hour and a 12-day old biofilm preparation. Tobramycin and clarithromycin combination was significantly superior to clarithromycin use alone (24-hr, p = 0.0197; 12-day, p = 0.0217), but insignificant to tobramycin use alone (24-hr, p = 0.425; 12-day, p = 0.460). Furthermore, three 12-day old biofilm strains were used in the study to assess the effects of prolonged antibiotic exposure. Although tobramycin was the most effective in the early stages (1-2 days), resistance to both tobramycin and clarithromycin developed quickly and resulted in an increase in bacterial growth. Combination therapy displayed continuous synergistic effects that endured the entire treatment period and resulted in the greatest bacterial decline in 2/3 strains. Combination and tobramycin use had equal killing potential for the final strain [17] .
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Another study only utilized 12-day old biofilms to most accurately resemble the bacterial conditions found inside a cystic fibrosis lung. The researchers obtained P. aeruginosa strains from 23 patients with cystic fibrosis [18] . Antibiotic effects were organized in accordance with the resulting logarithmic decrease in colony forming units (CFU). Combination therapy had resulted in a decrease in CFU's/mL greater than 4 log in 11/23 clinical strains. Tobramycin had shown an equal decrease in only 6/23 strains (p = 0.019) while clarithromycin was unable to reach such bactericidal levels (p << 0.05). In addition, the study also discovered the presence of different antibiotic susceptibilities and behavior of bacterial isolates from the same patient [18] . A 2011 report by Bozkurt-Guzel et al. introduced a newly synthesized steroid compound with antimicrobial properties [19] . The compound is derived from cholic acid and is part of a related group of compounds called ceragenins. Cationic steroidal CSA-13 was tested alone and in combination with colistin, tobramycin and ciprofloxacin among 50 strains of P. aeruginosa. The most effective monotherapy with the lowest MIC 50 range was colistin (MIC 50 : 0.06 -2mg/l), with CSA-13 a close second (MIC 50 : 0.5 -4 mg/l). The bactericidal activity of combination therapy was revealed after analysis of different time-kill curve models from two separate bacterial strains. Testing different combinations of antibiotics had revealed the union of colistin and CSA-13 to be the most effective. The duo displayed synergy in 54% of the strains, significantly greater (p = 0.026) than any other combination. Bacterial resistance was found with both tobramycin (6%) and Ciprofloxacin (24%) [19] .
A study by Yu et al. in 2012 reported on the testing of aztreonam (AZT) and tobramycin (TOB) in the inhibition of biofilm formation (prevention), and in the disruption of preformed biofilm colonies (disruption) [20] . Six clinical P. aeruginosa isolates along with one laboratory (PA01) strain were used for the study, and the results for all are included for completeness. Although the PA01 prevention study showed a significant bacterial decrease with all treatment options (AZT, TOB, AZT/TOB), tobramycin alone had a significantly greater killing ability in comparison to aztreonam alone (p < 0.05). Combination therapy and tobramycin alone showed no significant difference. PA01 disruption study resulted in similar findings regarding tobramycin and combination therapy, however, aztreonam alone was found to be ineffective in reducing the CFU of the preformed biofilms. A recent study by Moreau-Marquis et al. also utilized aztreonam and tobramycin, but also studied the use of a novel drug, ALX-109 [21] . ALX-109 is a combination of a bactericidal agent (hypothiocyanite) and an iron-chelating protein (lactoferrin); both elements are naturally occurring components of the innate immune response in CF lungs. As in the previous study, both laboratory and clinical P. aeruginosa strains were tested, and the results for both will be included for completeness. Analysis of PA01 biofilm prevention revealed significant effectiveness with use of monotherapy, but bactericidal activity was significantly enhanced once ALX-109 was combined with either antibiotic (p < 0.05). Analysis of ALX-109 alone in PA01 biofilm disruption failed to show any activity against the bacterial biofilm defense, yet greatly enhanced the activity of either antibiotic once combined (p < 0.05) [21] (Figure 3 ). 
In Vivo Studies
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MacLeod et al. composed a study that tested the combination of fosfomycin and tobramycin in a multitude of organisms in CF and non-CF patients [25] . Bactericidal effects were determined through MIC50 and MBC (minimal bactericidal concentration) measurements. In vitro assessment of CF-associated P. aeruginosa isolates showed tobramycin use alone to be the most effective agent with a MIC 50 of 2 mg/L, combination therapy was a close second with 8mg/L, and fosfomycin with 64 mg/L. Both tobramycin alone and in combination therapy was 100% bactericidal against all P. aeruginosa isolates, while fosfomycin's bactericidal activity was at 78%. Although synergy was only discovered in a single strain, combination therapy had the longest post-antibiotic effect (PAE), with inhibition lasting up to 3 hours. The in vivo model consisted of P. aeruginosa colonization in rat lungs, with intratracheal antibiotic administration 2 times per day for 3 days. Measuring the reduction in CFU's per lung, at various concentrations, had demonstrated significant bacterial reduction with both tobramycin and combination therapy (p < 0.05). Fosfomycin however, was unable to produce a significance reduction in the bacterial load at any concentration. In addition, acquired bacterial resistance to each regimen was assessed. A manually performed t-test comparing each treatment regimen has determined insignificant changes in the frequency of acquired resistance over time (p > 0.05).
A dual study Nick et al. (26) reported on the interpretation of outcomes concerning 263 CF-patients [26] . This cohort study analyzed unfiltered data that was received from a comparative trial examining the effectiveness of inhaled tobramycin (TOB) and inhaled aztreonam (AZT). Concomitant azithromycin (AZI) use was identified via self-reporting. A total of 128 patients received inhaled tobramycin (71% reported concomitant azithromycin use), and 135 patients received inhaled aztreonam (67% reported concomitant azithromycin use). The primary outcome, change in the forced expiratory volume in one second (FEV 1 ), was assessed in all 4 groups (TOB alone; TOB/AZI; AZT alone; AZT/AZI). The combination of azithromycin and aztreonam produced an insignificant change in the FEV 1 , when compared with aztreonam use alone. However, in relation to tobramycin use alone, patients taking azithromycin with tobramycin experienced a significant decline in their FEV1 measurements (p < 0.05). Through administration of a questionnaire, patients taking TOB/AZI also reported a lower quality of life when compared to any other treatment group. Throughout the examination period, patients taking AZI/TOB combination experienced the greatest need for external intervention due to health issues, requiring emergency antibiotic(s) outside of those used in the study (p < 0.05). In continuation, sputum assessments at the end of the study revealed a significant reduction of sputum bacteria (CFU log 10 /g) in patients taking TOB alone when compared with combination therapy (p = 0.026). An extension study was also performed, where patients taking azithromycin were switched from accompanying tobramycin, to aztreonam use. When TOB/AZI patients were switched to AZT/AZI, a significant improvement was observed concerning the patients FEV1 (p < 0.05), and the observed level of bacterial reduction became similar to those achieved by the original treatment groups (TOB alone; AZT alone; AZT/AZI).
Discussion
The objective of this comparative study was to summarize pre-existing data regarding the use of combination treatment in P. aeruginosa infected CF patients. Infection with P. aeruginosa is the leading cause of morbidity and mortality in CF patients, and the continuous rise in resistance has created a need for effective, novel treatment methods [19, 26, 28, 29] . Only clinical isolates were included in this study because of potential differences that may be unique to bacteria colonizing CF lungs and therefore, utilizing laboratory strains may reduce the potential credibility of an experimental result when implemented on patients. For example, ALX-109 activity differed between laboratory (PA01) and clinical strains with regards to biofilm disruption and Yu et al.
Demonstrated aztreonam activity to be nonexistent towards the laboratory strain (PA01) yet produced an effect in all the clinical strains [20, 21] . Antimicrobial testing against P. aeruginosa is ideally validated when testing is performed on the pathogen cultured in a biofilm form. Only biofilm growth mimics the innate antibiotic resistance found in P. aeruginosa colonizing the airways in a chronic infection [16, 21, 27] . Therefore, the antibiotic treatment that is most effective against biofilm-grown bacteria represents the most suitable clinical option for complete eradication.
In Vitro & In Vivo Studies
A unique randomized double-blind trial reported by Treggiari et al. set out to compare cycled therapy (treating patients every 12 weeks) with culture-positive therapy (given to patients when needed) [23] . Every 3 months, the patients may be administered inhaled tobramycin/oral ciprofloxacin or inhaled tobramycin/oral placebo; based upon a cycled schedule or in accordance with a positive P. aeruginosa culture. The overall outcome, along with the odds of extracting a positive P. aeruginosa culture at a given time (< 20%) were nearly equal for both cycled and culture-positive administration. The addition of ciprofloxacin was determined to be insignificant (P > 0.05) to the treatment regimen. The inclusion of ciprofloxacin was associated with an increased onset of adverse effects (cough), and bacterial resistance (4%) than tobramycin. Finally, a 2013 in vivo study by Proesmans et al had focused on comparing inhaled tobramycin (TOB) with the combined use of inhaled colistin and oral ciprofloxacin (CC) [24] . Although 109 children (< 18 years old) were enrolled, 58 had completed the study and were separated equally, such that 29 children were allotted to each treatment group. The primary outcome, P. aeruginosa eradication, was achieved in 26/29 patients in the CC group and in 23/29 patients in the TOB group (p = 0.47). Time until P. aeruginosa reinfection and overall health status following a 2-year check-up were also documented as secondary outcomes. Patients on CC experienced a median time of 9 months until P. aeruginosa relapse, while TOB patients averaged 5 months between infections (p = 0.608). After a 2 year check-up, 14 and 13 children who received CC and TOB, respectively, were free from infection.
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Anti-inflammatory drugs are projected to reduce inflammation, disease progression, lung damage and rate of bacterial mutation [22, 30] . Two biofilm inhibitors have demonstrated synergy when combined with conventional antibiotics, including lipidated antimicrobial peptides that occur naturally as part of the host defense (lipoAMPs) and an inhibitor of quorum-sensing involved in regulating biofilm development (C11) [31, 32] . Additionally, a peptide extracted from the white blood cells of non-human primates known as rhesus θ-defensin-1 (RTD-1), was found to hold potent antimicrobial activity against CF-isolated P. aeruginosa [33] . As seen previously, ALX-109 is a dual agent (bactericidal/iron-binding) that strengthened the effectiveness of the antibiotics it had been paired with [21] . Other iron-chelators of interest include deferoxamine and deferasirox, both proven to strengthen tobramycin when used in combination [34] . Another novel antimicrobial agent is CSA-13, a synthetically made steroidal compound that has proven to be effective with use of various antibiotics in two separate studies [19, 35] . Future research should test multiple combinations in a single study to determine potential superiority among a certain pair. More in vivo trials should be attempted with longer observational periods for any potential long-term complications. Details concerning the patient's quality of life should be documented, and the researchers should evaluate the most cost-effective approach if possible.
Conclusion
In a simplified overview, consideration of overall effectiveness, resistance development, and potential toxicities in 12 articles has concluded combination therapy to be the best method of treatment for eradication of Pseudomonas aeruginosa. This review has also shown that a sequential pattern of administration is insignificant to the eradication of P. aeruginosa, and when antibiotics are combined, treatment can follow a cycled or culture-positive schedule [25, 27] . Future studies should focus on using a traditional antibiotic (colistin or tobramycin) in unison with a novel agent (antibiotic/non-antibiotic) for the most effective, and least likely approach to precipitate resistance with chronic use.
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Reports of in vivo studies in the literature are limited in numbers and factors including the quality of life, change in lung function, and potential side effects are rarely included in those that are available. Although certain combinations were exceptionally effective, there is insufficient data to extrapolate a single combination as the ultimate tool for clinical use. Lack of consensus may be beneficial since the diffuse utilization of two antibiotics may, in due time, result in an increased incidence of resistant bacteria, and reduce effective eradication in future patients. This review encourages the combined use of one common antibiotic and one novel agent, due to the reduced possibility and frequency of resistance associated with chronic and diffuse utilization. Concern regarding inhaled antibiotic use lies mainly with the development of bacterial resistance. Although tobramycin was used in every study included in this review, colistin was only utilized in three. With such a low frequency of bacterial resistance to colistin [16, 29] , upcoming trials are encouraged to include both colistin and tobramycin for effective comparative assessments [16, 29] .
Through a concise sum-up of 12 articles spanning across a 12-year period, the use of the right combination has proven to be more effective in bacterial eradication than use of a single, inhaled antibiotic. In order to precipitate ineffective combinations for future considerations, potential antagonistic behavior was obtained from each study. The addition of azithromycin (AZI) to tobramycin was found to be antagonistic in both studies that had tested it [16, 26] . These findings are in conflict with a 2016 study that stated the use of oral azithromycin, in combination with a secondary antibiotic, was the treatment of choice for maintenance therapy [28] . Likewise, the addition of ciprofloxacin was insignificant in various trials, and was associated with increased bacterial resistance and adverse effects when combined with tobramycin [16, 19, 23, 24] .
